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LDL receptor-related protein 6 (LRP6) is a Wnt coreceptor in the canonical signaling pathway, which plays
essential roles in embryonic development. We demonstrate here that wild-type LRP6 forms an inactive dimer
through interactions mediated by epidermal growth factor repeat regions within the extracellular domain. A
truncated LRP6 comprising its transmembrane and cytoplasmic domains is expressed as a constitutively active
monomer whose signaling ability is inhibited by forced dimerization. Conversely, Wnts are shown to activate
canonical signaling through LRP6 by inducing an intracellular conformational switch which relieves allosteric
inhibition imposed on the intracellular domains. Thus, Wnt canonical signaling through LRP6 establishes a
novel mechanism for receptor activation which is opposite to the general paradigm of ligand-induced receptor

oligomerization.

The Wnt family of secreted signaling molecules is essential
in embryonic induction, cell polarity generation, and cell fate
specification (46). Deregulation of Wnt signaling results in
defects in development and growth control. The canonical Wnt
pathway involves activation of B-catenin-dependent transcrip-
tion and is evolutionarily conserved from Caenorhabditis ele-
gans to humans. Mutations in components, which constitutively
activate canonical signaling, have been identified in several
tumor types, including colorectal cancer (34). Wnts bind to two
coreceptors, the Frizzled-type seven-transmembrane-domain
receptor (5, 17, 19, 49) and the low-density receptor-related
protein (LRP) 5/6 (35, 41) or the Drosophila melanogaster
ortholog Arrow (44). These interactions cause B-catenin stabi-
lization through inhibition of its phosphorylation by glycogen
synthase kinase 33 (GSK3B), which is assembled in a large
cytoplasmic complex that includes Dishevelled, casein kinase I,
Axin, APC, and Frat (36). As a consequence, stabilized cyto-
plasmic B-catenin is translocated to the nucleus and forms a
complex with a family of high-mobility group-like transcrip-
tion factors, including leukocyte enhancer factor-1 (LEF-1)
and T-cell factors (TCF), activating transcription of target
genes (4).

Frizzled family members have been shown to possess various
affinities for different Wnt ligands. For example, Drosophila
frizzled, Dfz1 and Dfz2, bind to Wingless (Wg), the Drosophila
orthologue of Wnt, to activate the canonical pathway. How-
ever, Dfz2 has a 10-fold higher affinity for Wg than Dfz1 and
plays a predominant role in transducing the Wg canonical
signal in vivo (37). Frizzled family members also signal through
the planar polarity pathway, which similarly involves Dsh (25)
but is mediated through JNK and RhoA rather than B-catenin
stabilization (7). In Drosophila, Dfz1 but not Dfz2 appears to
regulate planar polarity signaling (8, 37).
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LRPS, LRP6, and arrow receptors specifically function in
the canonical pathway. Inactivation of arrow in Drosophila re-
sults in a phenotype similar to that of the wingless mutant (41),
and mice deficient in LRP6 exhibit developmental defects re-
sembling those caused by loss of various Wnt proteins (35).
Injections of LRP6 expression RNA in Xenopus embryos en-
hanced Wnt-induced developmental effects (41). Thus, genetic
evidence from Drosophila and the mouse indicate that both
frizzled and LRP6 receptors are essential for canonical Wnt
signal transduction in embryonic development. Biochemical
interaction studies (5, 41) support a dual-receptor model in
which independent binding to both frizzled and LRP6 by Wnts
recruits these two types of receptors into a complex and elicits
signaling to downstream components (32).

LRP5 loss-of-function mutations cause the human autoso-
mal recessive disorder osteoporosis-pseudoglioma syndrome
(18). In contrast, a point mutation substituting valine for gly-
cine at codon 171 in LRPS5 results in the autosomal-dominant
high-bone-mass trait in humans (9, 26). This mutation appears
to impair the ability of Dkk-1, an LRP binding antagonist of
Wnt signaling, to inhibit LRP5 function (9). These studies
strongly suggest that Wnt canonical signaling also controls
important aspects of skeletal biology.

Recent studies have provided biochemical insights into the
mechanism involved in Wnt signaling through LRP. Axin, a
key scaffolding protein, which tethers B-catenin to GSK3 for
phosphorylation and subsequent degradation, was shown to
bind to the LRPS cytoplasmic domain both in vitro and in vivo
(28). A truncation mutant lacking the LRP5 extracellular do-
main was found to be constitutively active, implying that the
extracellular domain exerts an inhibitory effect on signaling
through this receptor (28). However, the mechanism by which
Wnt triggers canonical signaling through its interactions with
the LRP receptor has not been elucidated. In the present study
we demonstrate that the LRP6 receptor forms an inactive
oligomer, and the extracellular YWTD-EGF repeats are
shown to be responsible for oligomerization. Deletion of the
YWTD-EGF repeats converts LRP6 to an active monomer,
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FIG. 1. Extracellular domain deletion converts an inactive LRP6 to a constitutively active receptor. (A) Schematic representation of LRP6 and
of extracellular domain-deleted LRP6 constructs (Flag or myc epitope tagged). Signal peptide (SP), EGF repeats (E1 to E4) separated by YWTD
(vertical line) containing spacers, LDLR repeats 1 to 3 (L1-3), and transmembrane domain (TM) preceding the intracellular domain. (B) Com-
parison of B-catenin stabilization by LRP6AN and wild-type LRP6 receptors. At 48 h following transfection of 293T cells with 0.5 ng of either
vector, LRP6, or LRP6AN, cell lysates were subjected to uncomplexed B-catenin analysis as described in Materials and Methods. 1B, immunoblot.
(C) Comparison of TCF signaling by LRP6AN and wild-type LRP6 receptors. 293T cells were transfected with 0.5 ug of vector (Vec), Flag-LRP6,
or Flag-LRP6AN in the presence or absence of Wnt3a (0.1 pg) in 6-well dishes. In addition, the TCF reporter construct pGL3-OT was transfected
at 1 pg, and the control luciferase construct,pPRL-CMYV, was transfected at 5 ng unless otherwise indicated. Relative luciferase units (RLU) were
normalized against Renilla luciferase activity at 48 h after transfection. Results are expressed as the means * standard deviations of two
independent experiments performed in duplicate. (D) Ligand-dependent recruitment of Axin to the wild-type LRP6 receptor. Immunoprecipi-
tation (IP) and immunoblot analyses were performed following transfection of 293T cells with 1 wg of each plasmid as indicated.

whereas forced dimerization of such a constitutively active
mutant inhibits its signaling activity and binding to Axin. Fi-
nally, we demonstrate that Wnts activate LRP6 by inducing an
intracellular conformational switch from the inactive oligo-
meric to the active monomeric state. These findings establish a
novel mechanism for ligand activation of a single-pass trans-
membrane receptor.

MATERIALS AND METHODS

c¢DNA constructs. To generate a Flag-tagged full-length LRP6 construct, the 5’
half of the human LRP6 coding region immediately following the signal peptide
sequence (residues 20 to 701) was amplified by PCR with a 3’ primer from a
unique internal EcoRI site. It was then ligated to the 3’ coding region through
this EcoRI site and was cloned into the pFlag-CMV1 vector (Sigma) with an
NH2-terminal signal peptide and Flag tag sequences. The myc-tagged full-length
LRP6 was previously described (3). To construct LRP6 deletion mutants, prim-
ers were selected to amplify the corresponding regions as indicated in Fig. 1A
and 2A. The mutant cDNAs were then inserted downstream of the signal peptide
and tag sequences in the vector. The 24-kDa NH2-terminal fragment of DNA
gyrase B subunit (GyrB) (16) was amplified from DH5« genomic DNA and was
inserted into the pFlag-CMV1 vector upstream of either the human fibroblast
growth factor receptor (FGFR) 2 transmembrane and cytoplasmic (TMC) do-

main or the LRP6 TMC domain, each of which was amplified by PCR, to obtain
the GyrB-FGFR or GyrB-LRP6 construct, respectively. For the chimeric LRP6-
FGFR receptor construct, primers were used to amplify the LRP6 coding region
between the internal EcoRI site and the transmembrane domain sequence (res-
idues 702 to 1370) and were inserted into the pFlag-CMV1 vector containing the
LRP6 coding region upstream of the EcoRI site (residues 20 to 701) to recon-
stitute the entire LRP6 extracellular domain and then were ligated to the FGFR2
TMC domain. All constructs were confirmed by DNA sequencing. Detailed
cloning information is available upon request. Hemagglutinin (HA)-tagged
mouse Wnt-1 and -3a cDNA clones in the pLNCX vector under the control of
the cytomegalovirus promoter have previously been reported (40).

Cell culture and transfection. The 293T human embryonic kidney cell line was
maintained in Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal bovine serum. Transient transfection was performed by using Fugene
(Roche) according to the manufacturer’s instructions.

Immunoprecipitation and immunoblotting. At 48 h posttransfection cells were
washed once with phosphate-buffered saline (PBS) and were lysed on ice in lysis
buffer (50 mM Tris-HCI [pH 7.4], 150 mM NaCl, 1% Triton X-100, 25 mM NaF,
2 mM sodium orthovanadate, supplemented with the following proteinase in-
hibitors: 2 mM phenylmethylsulfonyl fluoride, 10 pg of aprotinin/ml, and 5 pug of
leupeptin/ml). Lysates were cleared by centrifugation at 14,000 X g for 20 min at
4°C. Protein concentrations were then determined by using the bicinchoninic
acid protein assay kit (Pierce). One or 2 mg of total cellular protein per sample
was subjected to immunoprecipitation by using anti-Flag M2 agarose beads
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FIG. 2. Oligomerization of the wild-type LRP6 receptors but not
the mutant receptor lacking the extracellular domain. (A) Oligomer-
ization of the wild-type LRP6 receptor. Forty-eight hours after trans-
fection of 293T cells with 1 g of each plasmid as indicated, immuno-
precipitation (IP) and immunoblot (IB) analyses were performed from
1 mg of cell lysate. (B) Comparison of receptor complex formation by
LRP6AN and LRP6. At 48 h following transfection of 293T cells with
2 pg each of Flag- or myc-tagged LRP6 constructs as indicated, im-
munoprecipitation with anti-Flag antibody was performed by using 1
mg of total cell lysate and was followed by immunoblotting with anti-
myc antibody. (C) Comparison of LRP6 receptor migration under
reducing and nonreducing conditions. Equal amounts of either vector
or Flag-LRP6 expressing lysates were subjected to SDS-PAGE in the
presence (+) or absence (—) of reducing agent B-mercaptoethanol
(B-ME). Immunoblotting was performed with anti-Flag antibody. Ig,
immunoglobulin.

(Sigma). Beads were washed three times with lysis buffer containing 1 M NaCl
and were resuspended in sodium dodecyl sulfate (SDS) loading buffer followed
by SDS-polyacrylamide gel electrophoresis (SDS-PAGE). Proteins were de-
tected with corresponding anti-tag antibody, i.e., anti-Flag M2 monoclonal an-
tibody (Sigma), anti-myc 9E10 monoclonal antibody (Santa Cruz), or anti-HA
monoclonal antibody (Santa Cruz), followed by using the ECL detection system
(Amersham). For detection of receptor tyrosine phosphorylation, anti-p-Tyr
polyclonal antibody (Upstate) was used. Protein bands were semiquantitated by
densitometry (GS-800; Bio-Rad).

Uncomplexed f-catenin analysis. The glutathione S-transferase (GST)-E-
cadherin binding assay was performed as described previously (1). Briefly, bac-
terially expressed GST-E-cadherin was purified with glutathione-Sepharose
beads and was incubated with 1 mg of each cell lysate. GST-E-cadherin/B-
catenin complexes bound to the beads were recovered by centrifugation and were
analyzed by SDS-PAGE followed by immunoblotting with anti-B-catenin anti-
body (Transduction Laboratories).

Luciferase reporter assay. 293T cells were plated into 6-well dishes and were
transiently transfected with combinations of Wnt, Hfzl, and LRP6 plasmid
constructs in addition to the TOPFLASH TCF luciferase construct (generously
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provided by B. Vogelstein, Johns Hopkins Oncology Center, Baltimore, Md.)
and the Renilla luciferase pRL-CMYV construct. Relative luciferase units (RLU)
were normalized against Renilla luciferase activity at 48 h after transfection.
Results are expressed as means = standard deviations of two independent
experiments performed in duplicate.

Analysis of surface expression of wild-type and mutant LRP6 receptors by flow
cytometry. At 48 h following transfection of 293T cells with Flag-tagged wild-type
or mutant LRP6 constructs, cells were washed twice with PBS and were sus-
pended in PBS-0.1% EDTA. Around 5 X 10° cells were incubated in suspension
with a 10-pg/ml concentration of either anti-myc antibody (negative control) or
anti-Flag antibody for 1 h in blocking buffer containing 1% fetal bovine serum in
PBS. Cells were then washed twice with blocking buffer and were incubated in
fluorescein isothiocyanate-conjugated anti-mouse immunoglobulin G antibody
(Sigma) at a 1:100 dilution in blocking buffer for 1 h. Cells were washed twice
with blocking buffer and were fixed in 1% paraformaldehyde (pH 7.5). All
procedures were performed at 4°C. A FACScan instrument (Becton Dickinson
Immunocytometry Systems) was used for analysis.

Cell surface chemical cross-linking. The entire procedure of cell surface
chemical cross-linking was performed on intact cells as previously described (21).
At 48 h following transfection of 293T cells with 2 pg of each LRP6 construct the
cells were washed twice with PBS and were incubated for 2 h at 4°C with freshly
prepared membrane-impermeable cross-linker solution, bis(sulfosuccinimidyl)
suberate (BS?; Pierce), at 3 mg/ml in PBS without Ca®>" and Mg?*. The cells
were then washed three times with PBS and were incubated for 20 min in PBS
solution containing 50 mM Tris-HCI (pH 7.5) to quench residual BS® followed by
incubation in lysis buffer. Cells lysates were cleared by centrifugation and were
immunoprecipitated with anti-Flag M2 agarose beads. Samples were then sub-
jected to SDS-PAGE and immunoblotting with anti-Flag antibody.

RESULTS

Extracellular domain deletion converts an inactive LRP6 to
a constitutively active receptor. Recent studies have demon-
strated that an N-terminally truncated LRP5 mutant lacking
the extracellular domain was constitutively active for canonical
signaling (28). In order to extend these observations to LRP6,
we generated full-length LRP6 and LRP6AN expression vec-
tors (Fig. 1A) and measured their effects on expression levels
of uncomplexed B-catenin (1). Exogenous expression of LRP6
was associated with a low basal level of stabilized B-catenin,
while LRP6AN induced a much higher level at a lower protein
expression level (Fig. 1B). The TOPFLASH luciferase reporter
contains TCF-binding sites and can be directly activated by the
B-catenin/TCF complex (24). When TCF signaling was mea-
sured by this approach, wild-type LRP6 exhibited only a low
basal activity (Fig. 1C), which was dramatically increased in
response to cotransfection with Wnt3a, a Wnt ligand known to
activate the B-catenin signaling pathway in mammalian cells
(37). As previously reported for LRP5AN (28), LRP6AN ex-
hibited a constitutively high level of TCF signaling activity,
which was not influenced by Wnt (Fig. 1D).

The LRPSAN has been reported to interact with Axin, and
the efficiency of this interaction was increased in response to
exogenous expression of GSK-33 (28). As shown in Fig. 1D
(left panel), LRP6AN was specifically coimmunoprecipitated
with Axin, and the efficiency was enhanced by GSK3p cotrans-
fection. Under the same conditions, the exogenously expressed
LRP6 receptor did not or only very weakly interacted with
Axin, and Wnt-1 significantly enhanced this interaction (Fig.
1D, right panel). All of these results indicated that the extra-
cellular domain of the LRP6 receptor inhibits function of its
intracellular domain and that Wnt ligands act to relieve this
inhibition.

Wild-type LRP6 receptor but not LRP6AN forms a homo-
meric complex. There is extensive evidence that oligomer for-
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mation plays a mechanistic role in the activation of many
receptors (27). Thus, we next investigated whether the struc-
ture of the LRP6 receptor might provide insights concerning
its ability to signal by coexpressing Flag and myc-tagged wild-
type receptors in 293T cells and performing coimmunoprecipi-
tation analysis. As shown in Fig. 2A, wild-type LRP6 receptors
possessing different tags were detected within the same com-
plex, while an unrelated receptor, FGFR2, did not show any
interaction with LRP6 under the same conditions. Since the
signaling potential of LRP6 alone was dramatically upregu-
lated by deleting the extracellular domain, we next compared
the receptor complex formation ability of the wild-type recep-
tor with that of the LRP6AN mutant by coimmunoprecipita-
tion analysis. As shown in Fig. 2B, while the wild-type receptor
was detected as a homomeric complex, the mutant receptor
failed to demonstrate detectable interaction either with itself
or with the wild-type LRP6. These findings indicated that wild-
type LRP6 existed as an inactive homomeric oligomer, while
the constitutively active LRP6AN mutant was monomeric.

To investigate whether intermolecular disulfide linkages
were responsible for LRP6 dimer formation, we compared
LRP6 receptor migration under reducing and nonreducing
conditions. As shown in Fig. 2C, the majority of the LRP6
protein migrated similarly under both conditions, indicating
that the LRP6 homomeric complex detected by coimmunopre-
cipitation shown in Fig. 2B did not involve intermolecular
disulfide linkage. Studies published after submission of this
manuscript indicate that chaperone proteins are required for
LRP6 to achieve a cell surface location when expressed in COS
cells and that aberrant disulfide bridges leads to the accumu-
lation of predominately high-molecular-weight aggregates
LRP5 or 6 under nonreducing conditions (13, 20). Since the
great majority of LRP6 migrated at the size of the monomer
when expressed in 293T cells and analyzed under nonreducing
conditions (Fig. 2C), these chaperones do not appear limiting
under the conditions of exogenous LRP6 expression in 293T
cells.

Extracellular domain YWTD-EGF repeat regions are re-
sponsible for LRP6 oligomer formation. To map the region
required for the LRP6 receptor oligomerization, we generated
several additional LRP6 receptors with different deletions
within the extracellular domain (Fig. 3A). LRP6AE1-4 deleted
all four YWTD-EGF repeats but retained the LDL receptor
(LDLR) repeats, while LRP6AE3-4 or LRP6AE1-2 lacked the
first or last two YWTD-EGF repeats, respectively. Figure 3B
shows that like LRP6AN, the LRP6AE1-4 mutant receptor was
constitutively active, while LRP6AE3-4 and LRP6AE1-2 exhib-
ited low basal activities comparable to that of wild-type LRP6.
To investigate the ability of these mutants to form complexes,
we coexpressed each Flag-tagged mutant receptor with the
myc-tagged wild-type LRP6 followed by coimmunoprecip-
itation with anti-Flag antibody. The constitutively active
LRP6AE1-4 mutant failed to form complexes with wild-type
LRP6, while both inactive LRP6AE3-4 and LRP6AE1-2 were
able to do so (Fig. 3C), further correlating constitutive signal-
ing activity with the inability to form receptor complexes.
These results also indicated that the YWTD-EGF repeat sub-
domains but not the LDLR repeat subdomain within the LRP6
extracellular domain were involved in receptor oligomer for-
mation.
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To confirm that the YWTD-EGF repeat subdomains were
responsible for oligomer formation, we generated secretable
myc-tagged fragments, including E1-2 (YWTD-EGF repeats 1
and 2), E3-4 (YWTD-EGF repeats 3 and 4), and the LDLR
repeats (Fig. 3A). Each subdomain was coexpressed with dif-
ferent Flag-tagged LRP6 receptor mutants followed by immu-
noprecipitation of the Flag-tagged receptors. As shown in Fig.
3D, the LDLR repeats failed to interact with either the
LRP6AE1-4 mutant or the wild-type receptor. In contrast, both
E1-2- and E3-4-secreted subdomains formed complexes with
LRP6AE3-4 or LRP6AE1-2 but not with LRP6AE1-4. All of
these results established that the extracellular YWTD-EGF
repeat subdomains were responsible for LRP6 oligomer for-
mation.

LRP6 receptor dimers are present at the cell surface. Sev-
eral reports have shown that in human embryonic kidney 293
cells, exogenously expressed LRP6 reaches the cell surface and
mediates Wnt signaling and Dkk-1 binding (3, 29, 30). To
compare the surface expression of various LRP6 receptor con-
structs, we subjected 293T transfectants to fluorescence-acti-
vated cell sorter (FACS) analysis with anti-Flag antibody. As
shown in Fig. 4A, N-terminally Flag-tagged wild-type LRP6,
LRP6AE1-4, LRP6AE1-2, and LRP6AE3-4 were each readily
detectable by Flag antibody staining on the surface of trans-
fected cells.

To establish that the LRP6 receptor is oligomerized at the
cell surface, BS*-mediated chemical cross-linking was per-
formed as previously reported (21) on intact 293T cells tran-
siently transfected with the same Flag-tagged receptors. BS®,
which reacts with free NH2 groups in proteins, is membrane
impermeable due to its charged nature and therefore only
cross-links surface-expressed proteins. As shown in the left
panel of Fig. 4B, the full-length LRP6 receptor migrated as a
monomer of ~200 kDa in SDS-PAGE in both non-cross-
linked and cross-linked samples. An additional band of ~400
kDa was observed only in BS®-cross-linked samples, implying
the presence of LRP6 receptor dimers at the cell surface.
Similarly, LRP6AE1-2 and LRP6AE3-4 migrated as monomers
of ~115 and ~130 kDa, respectively, and were detected as
homodimers of ~230 and 260 kDa, respectively, in cells ex-
posed to the cross-linker (Fig. 4B, right panel). In striking
contrast, the constitutively active mutant LRP6AE1-4 (~50-
kDa band as monomer) was not detectable as a homodimer at
the cell surface under the same cross-linking conditions (Fig.
4B, right panel). These findings together with the results de-
scribed above established that LRP6 is expressed at the cell
surface as a non-disulfide-linked dimer, which forms as a result
of interactions of its YWTD-EGF repeat domain.

Forced dimerization inhibits LRP6 intracellular domain
functions. To determine whether dimerization negatively reg-
ulates LRP6 receptor functions, we generated a GyrB-LRP6
chimera by replacing the LRP6 extracellular domain with the
amino-terminal 24-kDa subdomain of the B subunit of bacte-
rial DNA gyrase (GyrB) (Fig. 5A). The same GyrB subdomain
has been used to induce dimerization of intracellular fusion
proteins by coumermycin, an antibiotic which binds GyrB with
a stoichiometry of 1:2 (16). To verify that coumermycin was
able to induce dimer formation of a transmembrane protein, a
GyrB-FGFR chimera was constructed in which the 24-kDa
subdomain of gyrase B replaced the extracellular domain of
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FIG. 3. Extracellular domain YWTD-EGF repeat regions are responsible for LRP6 oligomer formation. (A) Schematic representation of
additional LRP6 receptor deletion constructs (Flag or myc tagged) and of secreted extracellular subdomains (myc tagged). The transmembrane
(TM) and cytoplasmic (C) domains of LRP6 were replaced by the TMC domains of FGFR2 to generate the LRP6-FGFR chimeric receptor. SP,
signal peptide. (B) Comparison of signaling activities of different LRP6 deletion mutants in a TCF luciferase reporter assay. Analysis was
performed following transfection of 293T cells with 0.25 pg of each LRP6 construct per well as described in the legend to Fig. 1C. (C and D)
Comparison of receptor complex formation by different LRP6 mutants or extracellular subdomains. At 48 h following transfection of 293T cells
with 2 pg of each LRP6 construct as indicated, immunoprecipitation (IP) with anti-Flag antibody and immunoblotting (IB) with anti-myc antibody
were performed as described in the legend to Fig. 1D. All Flag-tagged constructs were expressed at comparable levels and immunoprecipitated
efficiently with anti-Flag antibody (data not shown). Vec, vector; Ig, immunoglobulin.

FGFR2 (Fig. 5A). As shown in Fig. 5B, coumermycin treat-
ment induced tyrosine autophosphorylation of this chimeric
receptor, establishing that it was able to cause dimerization
and activation of the intracellular kinase domain. In striking
contrast, coumermycin exposure resulted in reduced Wnt sig-
naling by GyrB-LRP6, which was constitutively active at a level
comparable to that of the LRP6AE1-4 mutant, as measured
both by the uncomplexed B-catenin assay (Fig. 5C) and by
TOPFLASH TCF reporter analysis (Fig. 5D).

Although these results showed that GyrB-FGFR fusion pro-
tein exhibited a robust tyrosine phosphorylation increase in
response to coumermycin (over fivefold at 100 nM), we ob-
served a maximum of approximately twofold inhibition by
coumermycin of the GyrB-LRP6 fusion protein’s signaling ac-
tivity as determined by both TCF reporter and uncomplexed
B-catenin assays (Fig. 5). This difference likely reflects the
opposite effects of dimerization on these signaling responses.
For example, one would expect only approximately 40 to 50%
inhibition of B-catenin signaling with dimerization of approx-

imately 40 to 50% of the GyrB-LRP6 fusion protein. In con-
trast, the same efficiency of dimer formation would result in a
major increase in GyrB-FGFR activation (tyrosine phosphor-
ylation), since the basal level of activity of this protein was
relatively low. Under the same conditions, coumermycin had
no effect on the level of the chimeric GyrB-LRP6 protein (data
not shown) or any effect on constitutive signaling by the
LRP6AE1-4 mutant, which cannot be dimerized by coumer-
mycin (Fig. 5C and D). These results established that forced
dimerization of the LRP6 intracellular domain inhibited ca-
nonical Wnt signaling activity by this receptor, which was di-
rectly opposite to oligomerization-induced activation of the
GyrB-FGFR chimeric receptor observed under the same con-
ditions.

We next investigated the ability of GyrB-LRP6 to interact
with Axin in the absence or presence of coumermycin expo-
sure. As shown in Fig. S5E, the LRP6AE1-4 mutant formed
complexes with Axin detectable by coimmunoprecipitation,
and coumermycin had no effect on this complex formation (left
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panel). However, the amount of Axin in complexes with the
GyrB-LRP6 chimeric receptor was specifically and rapidly re-
duced by coumermycin treatment within 30 min (right panel).
These findings strongly support the concept that dimerization
of the LRP6 intracellular domain inhibits its signaling activity
at least in part by inhibiting Axin recruitment.

Whnts induce a conformational switch in the LRP6 receptor
extracellular domain that relieves allosteric inhibition im-
posed on the intracellular domain. Since Wnts activate LRP6
to initiate canonical Wnt signaling (29, 41), we reasoned that
the mechanism might involve a ligand-induced switch of the
LRP6 receptor from an inactive dimeric or oligomeric state to
an active monomeric state. To test this hypothesis, we con-
structed another chimeric receptor, LRP6-FGFR (Fig. 3A), in
which the LRP6 extracellular domain was fused to the trans-
membrane and intracellular domains of FGFR2. Thus, the
tyrosine kinase domain served as a reporter for intermolecular
interactions of the cytoplasmic domains, since it is well known
that the tyrosine kinase activation involves clustering and
transphosphorylation of the induced receptor oligomers (27).
As shown in Fig. 6A, expression of this chimeric receptor in
293T cells was associated with its constitutive tyrosine auto-

phosphorylation at a level comparable to that observed with
FGF stimulation of the FGFR2 and was considerably higher
than that of the nonstimulated FGFR2 expressed at similar
protein levels. These results strongly implied that oligomers
formed by the LRP6 external domains positioned the chimeric
tyrosine kinase domains in sufficiently close proximity to in-
duce intermolecular kinase activation with an efficiency similar
to that induced by FGF clustering of FGFR2 (Fig. 6A).

Although Wnt-1 has been reported to bind the LRP6 recep-
tor independent of frizzled in an in vitro interaction assay (41),
a recent study failed to detect this interaction between Dro-
sophila wingless and the arrow receptor (47). To test the ability
of Wnt3a to form complexes with LRP6, we performed coex-
pression and coimmunoprecipitation analyses. As shown in
Fig. 6B, the LRP6 receptor and Wnt3a were readily detected in
the same complex, while an unrelated receptor, FGFR2, as
well as the GyrB-LRP6 mutant lacking the LRP6 extracellular
domain which expressed at higher levels, failed to interact with
Wnt3a under the same conditions (Fig. 6B). These results
indicate that Wnt3a interacts with the LRP6 receptors either
directly or indirectly in the same complex.

We next investigated the effects of known LRP6 ligands on
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the intracellular conformation of the LRP6-FGFR chimera. As tagged ligands. Since these experiments were conducted under
shown in Fig. 6C, Wnt3a caused a striking reduction in the conditions in which Wnt3a and LRP6 were coexpressed in the
level of LRP6-FGFR autophosphorylation, while Dickkopf 1 same cell, it was important to establish that the LRP6 confor-
(Dkk-1), an inhibitory ligand of LRP6 (3, 29, 38), had no mational changes described could be triggered by exogenous
detectable effect at comparable expression levels of both HA- Wnt addition. Wnts are generally tightly cell associated (10,
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33), but several recent reports have documented Wnt producer
cell lines in which biologically active Wnts are released into
culture fluids (11, 39, 43). As shown in the upper panel of Fig.
6D, Wnt3a condition medium (CM) produced by L cells in-
duced a readily detectable increase in uncomplexed B-catenin
in 293T cells and synergized with exogenously expressed LRP6
to induce a much higher level of uncomplexed B-catenin.
When the same CM was added to LRP6-FGFR chimera ex-
pressing 293T cells, we observed a reduction within 1 h in the
level of LRP6-FGFR receptor tyrosine phosphorylation, which
persisted for at least 6 h (Fig. 6D, lower panel). To exclude the
possibility of other secreted factors, which might influence the
tyrosine phosphorylation of LRP6-FGFR, CM from the same
cells without Wnt3a expression was tested and shown to have
no effect (Fig. 6D). These results firmly establish that exoge-
nous Wnts act directly at the cell surface to activate canonical
signaling by inducing a rapid conformational change in the
LRP6/FGFR oligomer to induce a more open conformation of
the cytoplasmic domains.

To distinguish whether the Wnt ligand completely dissoci-
ates the LRP6 oligomers leading to monomeric receptors or
only induces a more open conformational of the intracellular
domain, we coexpressed two different tagged LRP6-FGFR chi-
meric receptors in the absence or presence of Wnt-1 coexpres-
sion. As shown in Fig. 6E, under conditions in which Wnt-1
coexpression almost completely inhibited tyrosine phosphory-
lation of LRP6-FGFR chimeric receptor, homomeric complex
formation of the Flag- and myc-tagged LRP6-FGFR receptors
was not detectably affected. Similarly, expression of neither
Whnt-1 nor Dkk-1 had any detectable effects on the formation
of wild-type LRP6 receptor homomeric complex (Fig. 6F).
These results imply that the Wnt ligand acts by altering the
conformation of the LRP6 receptor oligomer rather than by
completely disrupting the oligomeric receptor complex.

DISCUSSION

The identification of LDL receptor-related proteins, LRP5
and LRP6 (32, 38) and their Drosphila orthologue Arrow (44),
as Wnt coreceptors has led to important biochemical insights
into the role of this receptor in canonical signaling. Mao et al.
(28) demonstrated that the intracellular domain of wild-type
LRPS receptor recruits Axin, a component of the B-catenin
degradation complex (36), to the membrane in response to
Wht triggering. However, the lack of any recognizable catalytic
motif in the LRP5 and LRP6 intracellular domain (12) and the
fact that this domain interacts with Axin in both yeast and
mammalian cells (28) suggested that posttranslational modifi-
cations triggered by Wnt were not required for LRP5-Axin
interactions. Mutational analysis independently revealed that
an LRPS deletion mutant lacking the external domain but
preserving the transmembrane and cytoplasmic domains was
constitutively active, implying that the external domain nega-
tively regulates LRPS function (28). Our present studies have
extended these observations to LRP6 and have led to the
elucidation of a novel mechanism for ligand activation of a
transmembrane receptor.

In striking contrast to the general mechanism of receptor
activation by oligomerization (27), we demonstrated that wild-
type LRP6 forms an inactive homomeric complex, whereas
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constitutively active LRP6 mutants were monomeric. These
results suggested that the extracellular domain of the wild-
type receptor might inhibit signaling by oligomerization. We
mapped LRP6 oligomerization to the YWTD-EGF repeat
region of the external domain through analysis of a series of
LRP6 mutants. An inverse correlation between receptor
oligomerization and signaling was confirmed by use of a
chimeric GyrB-LRP6 receptor also lacking the LRP6 exter-
nal domain, which was replaced by GyrB. This mutant ex-
hibited constitutive signaling activity, which was inhibited by
coumermycin-induced forced dimerization. Axin interaction
with the cytoplasmic domain of this chimera was also inhib-
ited by coumermycin-induced receptor dimerization. All these
results support a model in which LRP6 dimerization mediated
by the extracellular YWTD-EGEF repeat region inhibits inter-
action of the LRP6 intracellular domain with Axin as well as
LRP6 signaling functions. This model is consistent with the
possibility that LRP5 and LRP6 heterodimers may also occur.
If so, such heteromeric receptor complexes may possess differ-
ent affinities for Wnt ligands or even different intracellular
signaling specificity compared to those of LRP5 or LRP6 ho-
momeric oligomers.

Two studies published after submission of this paper re-
ported the requirement of a chaperone protein, Mesd, or of
the Drosophila ortholog Boca for proper folding and cell sur-
face location of functional LRP6 or arrow receptors (13, 20).
The majority of exogenously expressed LRP6 in COS-1 cells
was shown to accumulate as aggregates in the endoplasmic
reticulum through aberrant intermolecular disulfide linkages,
presumably due to the lack of sufficient expression of Mesd
proteins in these cells (20). In human embryonic kidney 293
cells, exogenously expressed LRP6 has been reported to func-
tion at the cell surface and to mediate Wnt signaling and Dkk-1
binding (3, 29, 30). Consistent with these reports, we were able
to detect the expression of wild-type and various LRP6 mutant
receptors at the cell surface by FACS analysis in 293 cells.
When expressed in 293 cells under nonreducing conditions, the
majority of the LRP6 receptor was not observed as high-mo-
lecular-weight aggregates or LRP6 oligomers. These findings
establish both that oligomer formation of the wild-type LRP6
receptor does not involve intermolecular disulfide linkages and
that chaperone proteins cannot be limiting in 293 cells. By
using a cell membrane-impermeable cross-linker, homodi-
mers of wild-type LRP6, LRP6AE1-2, and LRP6AE3-4 were
detected at the cell surface, while the constitutively active
LRP6AE1-4 mutant failed to be cross-linked under the same
conditions. These results strongly support the concept that the
functional LRP6 receptor exists as an oligomer at the cell
surface and that oligomerization is mediated by the YWTD-
EGF repeats.

Ligand activation of tyrosine kinase receptors involves li-
gand-mediated receptor oligomerization, which induces acti-
vation of the kinase domains (45). By generation of an LRP6-
FGFR chimera it was possible to establish that oligomerization
mediated by the LRP6 external domain caused sufficiently
close juxtaposition of the intracellular tyrosine kinase domains
to cause their chronic activation. We demonstrated that both
coexpressed and exogenously added Wnt induced a conforma-
tional switch which separated the intracellular domains of the
LRP6-FGFR chimera from the close proximity required to



5834 LIU ET AL.

maintain kinase activation without dissociation of the oligo-
meric receptor complex. Thus, Wnt signaling through LRP6
invokes a new paradigm in which Wnts act to relieve allosteric
inhibition imposed on the intracellular domain of an inactive
receptor oligomer. This is in direct contrast to the general
mechanism of ligand-induced receptor clustering responsible
for the activation of hormone and growth factor receptors,
lymphokine receptors, T-cell and B-cell receptors, and many
other families of cell surface receptors (27). According to this
model, the Axin-binding site in the intracellular domain of the
LRP receptor would be sequestered within the LRP6 oli-
gomer, presumably through mutual steric hindrance. Wnt li-
gands would alter the conformation of this receptor oligomer
to relieve allosteric inhibition, allowing access to substrates
such as Axin and producing an active LRP6 receptor.

Previous studies have shown that forced dimerization of
CD45, a member of the receptor-like protein tyrosine phos-
phatase (RPTP) family involved in T-cell receptor (TCR) sig-
naling, inhibits its activity and results in the loss of TCR sig-
naling (15). Similarly, dimerization inhibits the activity of
RPTPa (22). It has been proposed on the basis of crystal
structure that dimerization negatively regulates phosphatase
activity through interaction of an inhibitory wedge on one
monomer with the catalytic cleft in the other to block substrate
access (6, 22, 31). While inhibitory ligands for these receptors
have been postulated to negatively regulate RPTPs by causing
their dimerization, such ligands have not been identified (45).
In fact, a recent study suggests that CD45 may not require an
inhibitory ligand to form a dimer. Instead, CD45 phosphatase
activity may be regulated by the differential dimerization of
alternatively spliced isoforms (48).

Genetic and biochemical studies have provided strong evi-
dence that the seven transmembrane-spanning frizzled recep-
tor and the single transmembrane-spanning LRP5 or LRP6
receptor cooperate in Wnt canonical signaling (41). Previous
studies have indicated that the frizzled receptor itself forms a
dimer through interactions involving its cysteine-rich domain,
and these interactions are independent of Wnt (2, 14). Specific
mutations within the frizzled cytoplasmic tail have been shown
to inhibit canonical signaling (42), implying that it possesses
intracellular signaling functions. Tamai et al. (41) reported that
Whnt binds to frizzled and LRP6 independently and recruits
these two receptors into a complex. However, the interaction
between Wingless and arrow was not detectable in Drosophila
(47). Although we were able to detect specific Wnt3a/LRP6
complexes by overexpression and coimmunoprecipitation as
has been previously reported (23, 28), this approach does not
determine the affinity of the interaction or whether this inter-
action involves other components of the receptor complex.
Our findings as well as those of others (28) indicate that the
NH2-terminally truncated LRP mutants lacking the extracel-
lular domain are capable of canonical signaling independent of
either a Wnt ligand or frizzled receptor. Thus, the mechanism
by which frizzled cooperates with LRP to transduce the Wnt
signal remains to be elucidated. Nonetheless, it is likely that at
physiological Wnt ligand and receptor levels the engagement
of both frizzled and LRP coreceptors is required to achieve
efficient intracellular coupling to the canonical pathway. Based
on our results, it is conceivable that an LRP mutant lacking the
intracellular domain might act to increase Wnt canonical sig-
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naling by forming a receptor heterodimer with one free cyto-
plasmic tail. However, there are reports that the LRP extra-
cellular domain inhibits canonical signaling (29, 41). If so, such
inhibition may reflect the complexity of in vivo signaling in-
volving LRP interactions not only with Wnt ligands but also
with frizzled coreceptors.

Missense mutations in the YWTD-EGF repeat region of
LRPS have been found both in the human autosomal-recessive
disorder osteoporosis-pseudoglioma syndrome (18) and the
autosomal-dominant high-bone-mass trait (9, 26). Our present
findings suggest possible functional consequences of these mu-
tations in disease. Such mutations could alter the association or
dissociation of LRP oligomers, which might influence the con-
formational switch mediated by Wnt ligands or the ability of
the inhibitory ligand, Dkk-1, to downregulate the receptor
through interactions with LRP (3, 29) and a recently identified
coreceptor, kremen (30). In fact, one report indicates that the
YWTD-EGF repeat mutation at codon 171 in the high-bone-
mass trait interferes with Dkk-1 function (9). Constitutive ac-
tivation of canonical signaling due to mutations in certain Wnt
pathway components is etiologically involved in a number of
human tumors (36). Our present findings suggest that genetic
lesions in the LRP receptor, which impaired its ability to form
oligomers, might activate canonical signaling, making LRP a
potential candidate for oncogenic activation in tumors.
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